Acacia mangium and Mimosa caesalpiniaefolia are fast-growing woody fabaceous species that might be suitable for phytoremediation of arsenic (As)-contaminated sites. To date, few studies on their tolerance to As toxicity have been published. Therefore, this study assessed As toxicity symptoms in A. mangium and M. caesalpiniaefolia seedlings under As stress in a greenhouse. Seedlings of Acacia mangium and M. caesalpiniaefolia were grown for 120 d in an Oxisol-sand mixture with 0, 50, 100, 200, and 400 mg kg -1 As, in four replications in four randomized blocks. The plants were assessed for visible toxicity symptoms, dry matter production, shoot/root ratio, root anatomy and As uptake. Analyses of variance and regression showed that the growth of A. mangium and M. caesalpiniaefolia was severely hindered by As, with a reduction in dry matter production of more than 80 % at the highest As rate. The root/shoot ratio increased with increasing As rates. At a rate of 400 mg kg -1 As, whitish chlorosis appeared on Mimosa caesalpiniaefolia seedlings. The root anatomy of both species was altered, resulting in cell collapse, death of root buds and accumulation of phenolic compounds. Arsenic concentration was several times greater in roots than in shoots, with more than 150 and 350 mg kg -1 in M. caesalpiniaefolia and A. mangium roots, respectively. These species could be suitable for phytostabilization of As-contaminated sites, but growth-stimulating measures should be used.
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INTRODUCTION
Arsenic (As) is a relatively abundant and widely spread metalloid, present in the air, water and soil (Mandal & Suzuki, 2002; Bundschuh et al., 2012) . The major natural pathways for As accumulation are mineral weathering and volcanic eruptions, whereas mining, ore smelting, agrochemicals and wood preservatives are important anthropogenic sources (Mandal & Suzuki, 2002; Kyle et al., 2011) . Arsenic is toxic to living organisms, since it disrupts many metabolic processes, but its toxicity level depends on the (organic or inorganic) origin and oxidation state (Kyle et al., 2011) . Usually, in a less oxidized state, as in As(III) (arsenite), arsenic is more toxic and the organic As forms are less toxic than their organic counterparts (Litter et al., 2008) .
Although the anthropogenic sources are largely responsible for the As contamination of soil and water, in some regions with abundance of sulphides and arsenic-minerals in the subsoil, the As concentration in drinking water and soil may naturally reach hazardous levels (Borba et al., 2000; Mandal & Suzuki, 2002; Vaughan, 2006; Bundschuh et al., 2012) . Therefore, a number of methods to decontaminate soil and water have been developed, of which phytoremediation is one of the most environment-friendly and least costly (Marques et al., 2009; Nascimento et al., 2009; Litter et al., 2012) .
For phytoremediation, the use of adequate species is of utmost importance. There is no species that would suit all existent combinations of substrate, climate and contamination levels. However, there are some common factors that should be considered in the search for useful plants (Pulford & Dickinson, 2005; Gonzaga et al., 2006) : high biomass, economic value, public acceptance, site stabilization and high contaminant-uptake capacity.
In this regard, Acacia mangium Willd. and Mimosa caesalpiniaefolia Benth. are promising species for phytoremediation. Both are fast-growing tropical fabaceous woody species with a wide application spectrum (e.g. timber, lumber, coal, and landscaping), tolerant to infertile soils and with high N-fixation capacity (Franco & Balieiro, 1999; Ribaski et al., 2003; Marto, 2007; Wang et al., 2010) . Despite their rusticity, few studies were published on the performance of M. caesalpiniaefolia and A. mangium on arsenic-contaminated sites (Costa, 2007; Dias et al., 2007) . Therefore, the aim of this study was to assess the arsenic toxicity in Acacia mangium Willd. and Mimosa caesalpiniaefolia Benth.
MATERIAL AND METHODS
The experiment was carried out in a greenhouse of the Universidade Federal de Viçosa (UFV), Viçosa, Minas Gerais, in Southeastern Brazil, from June 27 to October 27, 2010.
The experimental design was full factorial, testing two plant species (Acacia mangium and Mimosa caesalpiniaefolia) at five arsenic rates (0, 50, 100, 200 and 400 mg kg -1 ), totaling 10 treatments, with four replications in four completely randomized blocks. Two plants were grown per pot; therefore, all results represent the mean of two plants, except for arsenic content, corresponding to the whole sample unit.
The substrate consisted of an autoclaved mixture of three quarter of an Oxisol to one quarter of coarse sand (v/v). Black plastic pots (3 L) were filled with 2.5 kg of the substrate. Thirty-five days before sowing, a mixture of three quarters of CaCO 3 to one quarter of MgCO 3 (w/w) was mixed into each pot, to achieve 50 % of base saturation. After this liming, the substrate moisture was maintained at 0.17 kg water per kg of substrate, approximately, until the end of the experiment.
Arsenic was applied 15 days after liming, as As 2 O 3 dissolved in 2 mol L -1 potassium hydroxide (KOH) solution, at 0, 50, 100, 200 and 400 mg kg -1 As. Potassium was applied equally to all treatments at 0.46 g kg -1 , as KOH solution. Nine days before sowing, 0.30 g of anhydrous calcium phosphate (CaHPO 4 ) was mixed into each pot to correct extreme phosphorus deficiency (available P in the substrate was 3.3 mg dm -3 before CaHPO 4 addition).
Chemical and physical analyses (Embrapa, 1997) were performed with substrate samples taken from the pots at sowing (Table 1 ). The plant-available As (Mehlich-3) in the substrate was 0.00, 0.76, 3.63, 8.82, and 29.65 mg dm -3 in the pots which received 0, 50, 100, 200, and 400 mg kg -1 As, respectively.
Considering the amounts of P and K in the substrate (Table 1) , additional fertilization was supplied fortnightly, beginning 30 days after sowing, with the application of 3 mL of Hoagland solution (excluding P and K) per pot, diluted in irrigation water. During the third month of cultivation, 3 mL of 1 mol L -1 NaH 2 PO 4 solution was applied three times for supplementary P supply.
After 120 days of cultivation, the plants were collected for the assessment of root and shoot dry matter (RDM and SDM) and root/shoot ratio (RSR), based on dry matter production. To allow a comparison between species, the analyses were based on the growth in relation to the corresponding control treatment (without arsenic). Visible toxicity symptoms were described when manifested. The concentration of plant-available As that resulted in a reduction of 50 % of total dry matter (SAs 50 % ) was estimated by regression equations for plant-available As as a function of the applied As rate.
Fragments obtained from cross sections of apical and intermediate roots were collected for light microscopy. Soon after collection, the fragments were fixed in 0.25 mol L -1 glutaraldehyde and 1.33 mol L -1 paraformaldehyde in sodium calcodylate buffer (pH 7.2) plus 5 mmol L -1 calcium chloride (Karnovsky, 1965) . The fragments were then dehydrated in increasing alcohol series and embedded in methacrylate (Historesin).
The root and shoot As concentrations were determined from finely ground dried samples subjected to 3:1 nitric-perchloric digestion (Tedesco et al., 1995) . Before grinding, shoot samples were washed with distilled water. The root samples were washed with tap water, bathed for 1 min in 0.1 mol L -1 HCl to remove As adhered to the root surface, and then rinsed with distilled water.
The quantification of the As levels in the extracts was performed by inductively coupled plasma optical emission spectrometry (ICP-OES). The contents were calculated by multiplying dry matter by the As concentration. Translocation indexes were calculated by dividing the shoot As content by the As content of the whole plant.
Data normality and homoscedasticity were verified by Ryan-Joiner and Bartlett tests, respectively, at 1 % significance. To correct possible deviations from normality or heteroscedasticity, the Box-Cox transformation was applied. In case of inefficiency of the first transformation, Johnson's transformation was used alternatively. Afterwards, analysis of variance was performed at 5 % significance to test the treatment effects.
Regression analysis was performed by adjusting linear, quadratic and square-root dose-response curves. For each variable, the best model was considered the one with a coefficient of determination greater than or equal to 0.70 and the smallest number of significant parameters, using Sisvar and Minitab 16 software for the statistical analyses. ); T: cation exchange capacity at pH 7 (SB + H + Al); V: base saturation (100 SB/T); m: Al saturation (100 Al/t); OM: organic matter; P-rem: remaining phosphorus.
(1) According to Embrapa (1997)
RESULTS AND DISCUSSION
Root, shoot and total dry matter of A. mangium and M. caesalpiniaefolia decreased (p<0.01) with increasing arsenic rates, in a quadratic model (Figure 1) , except for M. caesalpiniaefolia RDM, which did not fit the tested models. Total dry matter yield reduction reached 80 % for M. caesalpiniaefolia and 90 % for A. mangium. This result could be due to impairment of some metabolic processes by arsenic, such as ATP and chlorophyll synthesis, photosynthesis, cell division, and induction of oxidative stress and water stress (Dho et al., 2010; Zhao et al., 2010; Czech et al., 2011; Garg & Singla, 2011; Nascimento et al., 2011) . The disruption of these processes often has a cumulative effect, culminating in severe growth reduction.
The plant-available As concentration that induced a reduction of 50 % in total dry matter (SAs 50% ) was 2.17 and 2.84 mg dm -3 , respectively, for A. mangium and M. caesalpiniaefolia, indicating that the former species may be more sensitive to As than the latter. These concentrations correspond to As rates of 87 and 105 mg kg -1 , approximately. The SAs 50% values found in this study are several times lower than those found for other shrub and tree species . They are also below the prevention level of 15 mg kg -1 recommended for Brazilian soils (Brasil, 2009 ).
The increase of the root/shoot ratio (RSR) (p<0.01) in both species (Figure 1 ) indicated a more pronounced growth reduction in shoots than in roots. In Acacia mangium, RSR increased linearly, whereas in M. caesalpiniaefolia, the RSR increase followed a quadratic model (Figure 1 ). The RSR behavior is probably related to the tolerance mechanism of the species against As toxicity. The defense mechanism of nonhyperaccumulating plants usually involves vacuolar sequestration of As bound to phytochelatins in root cells (Zhao et al., 2009) . Therefore, more energy may have been spent to sustain root growth and improve As sequestration. Also, since As mobility in soils is relatively low, root growth may permit reaching soil sites with lower As availability.
Despite the increase in RSR, root formation was hindered by As, increasing the proportion of abnormal roots. In A. mangium a thickening of the root cap, mucilage excretion and accumulation of phenolic compounds were observed (Figure 2a) . In M. caesalpiniaefolia roots, besides phenolic compound accumulation and mucilage excretion, death of lateral root buds and root wrinkling occurred hindering the establishment of straight longitudinal cuts (Figure 2d ).
The extension of root damage due to As toxicity differs among species and could be an indicator to differentiate resistant from vulnerable species (Silva, 2008; Deng et al., 2010; Pereira et al., 2011; Schneider et al., 2012) . Pereira et al. (2011) , for instance, observed no root damage in Eichhornia crassipes, considered a tolerant species, grown in nutrient solution with 2.0 mg L -1 As. On the contrary, root damage similar to that found in this study was observed in Schinus terebinthifolius, Borreria verticillata and Cajanus cajan, grown in nutrient solution with 2.5 mg L -1 As (Silva, 2008) , and Leucaena leucocephala in soil with 35 mg dm -3 As (Schneider et al., 2012) .
The accumulation of phenolic compounds in root cells is another response to As contamination (Silva, 2008) . Phenolic compounds have antioxidant properties in plant metabolism (Grael et al., 2010) . Therefore, phenolic compound accumulation could be a means of reducing the oxidative stress induced by arsenic (Zhao et al., 2010; Nascimento et al., 2011) . However, the determination of the quantity and quality of these compounds required to improve As resistance will need further studies. Sridhar et al. (2011) observed clumpy deposits on the roots and stem of As-contaminated Pteris vittata, a hyperaccumulating fern. The authors suggested these deposits could be related to a detoxification mechanism. In fact, the detoxification mechanisms of hyperaccumulating ferns probably differ from those of non-hyperaccumulating plants. Studying and comparing these mechanisms may improve the screening and management of species suitable for phytoremediation of As-contaminated sites.
By the end of the first month, chlorosis symptoms appeared on young leaves of Mimosa caesalpiniaefolia plants treated with 400 mg kg -1 As. In the most advanced stage, the leaf blade color turned paper-white, whereas the nerves remained green. Most plants recovered from chlorosis by the fourth month; however, their growth was severely impaired. Shaibur et al. (2008) also observed whitish chlorosis in barley grown in an As-contaminated solution, which was ascribed to induced Fe deficiency. The chlorosis observed in M. caesalpiniaefolia plants could also indicate chlorophyll degradation (Zhao et al., 2010; Garg & Singla, 2011; Wang et al., 2012) .
The As concentration in roots and shoot increased with increasing As rates (p<0.01), however the best fitting model varied according to the species and organ (Figure 3 ). There was no significant difference (p>0.05) between A. mangium and M. caesalpiniaefolia regarding shoot As concentration. On the other hand, more arsenic was found in A. mangium roots (p<0.01). The As concentration in roots was much higher than in shoots for both species (Figure 3) .
A clear tendency of increase (p<0.01) in the As content was found for total and root As content of M. caesalpiniaefolia, which could be described by the square-root model (Figure 4 ). The effect of As rate on As content was significant (p<0.01) for the other treatments, but could not be described by the tested models (Figure 4) . The As translocation indices were not statistically different (p>0.05) between species and were not significantly affected (p>0.05) by the As rates (Figure 4 ). Acacia mangium accumulated more As than M. caesalpiniaefolia, considering roots (p<0.01) and total (p<0.05) contents (Figures 4) . This indicates that A. mangium can stabilize or extract more As from contaminated soils. The As concentrations found in A. mangium and M. caesalpiniaefolia were similar to those in other tropical shrub and tree species, such as Cajanus cajan, Sesbania virgata, Leucaena leucocephala, Eucalyptus grandis and E. cloeziana, tested under comparable experimental conditions Melo et al., 2010) . Although none of these species hyperaccumulates arsenic, their uptake capacity suggests their use for phytostabilization of As-contaminated sites. However, the low initial growth of A. mangium and M. caesalpiniaefolia observed in this study indicates that these species might not be efficient for this purpose. On the other hand, some well-known agronomic practices, such as phosphate fertilization or inoculation with mycorrhizal fungi, improve plant growth in Ascontaminated sites (Madeira et al., 2010; Santos et al., 2010; Cozzolino et al., 2010) . Further studies should test these practices for M. caesalpiniaefolia and A. mangium. 
CONCLUSIONS
1. Arsenic greatly reduces the growth of Acacia mangium and Mimosa caesalpiniaefolia seedlings. Shoot growth is relatively more hindered than root growth.
2. Arsenic impairs root formation, increasing the number of collapsed cells and accumulation of phenolic compounds.
3. Acacia mangium and Mimosa caesalpiniaefolia accumulates large amounts of arsenic on roots, especially A. mangium. However, they are not hyperaccumulating plants.
